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destinations. An efficient means for the retransmission of all lost packets is proposed through two packet-combination algorithms for retransmissions at the relay and sources. The paper derives mathematical formulation of transmission bandwidth for this new NC-based ARQ protocol and compares analytical and simulation results with some other ARQ protocols over both Keywords: Network coding, ARQ protocols, Rayleigh fading, Rician fading, multisource multidestination relay network.
Introduction
Relay techniques are normally deployed to increase coverage between remote transmission and reception nodes as well as improve service quality and link capacity for local users [1, 2] . Recently spatial diversity gain methods have been considered in an attempt to extend relay transmission coverage and further improve transmission integrity [3, 4] .
Basically, relays transmit packets through a store-and-forward mechanism, and thus do not increase the network throughput. In an attempt to improve throughput, network coding (NC) techniques have been investigated at the relays [5] [6] [7] . The basic concept of NC is that the relays perform algebraic linear/logic operations on received packets from multiple transmission sources in order to create a new combined packet, which is then forwarded to 2 the destination nodes in the subsequent transmission. Various NC-based protocols have recently been proposed for some particular relay channel topologies such as relay-assisted bidirectional channels [8] , broadcast channels [9] , multicast channels [10] and unicast channels [11] .
Automatic repeat request (ARQ) techniques permit information to be reliably delivered over multicast or broadcast networks. However, lost packets require to be retransmitted with ARQ protocols which may introduce significant packet latency since each packet is retransmitted individually. In addition, for ARQ, retransmissions are repeated until all packets are received correctly at each reception node. For multisource multidestination relay networks (MMRNs), in [12] , the beamforming matrix was designed to minimize the sum transmit power at the relays subject to signal-to-interference constraints at the destinations to reliably support multiple parallel data streams. Also, in [13] , stop-and-wait ARQ, go-back-N ARQ and the selective-repeat ARQ were investigated and compared to evaluate the maximum achievable throughput and the steady-state throughput of butterfly networks, a specific model of the MMRNs. However, the design of reliable transmissions over MMRNs that can achieve high network throughput efficiency and reduced retransmission packet latency has received little attention in the previous literature.
As an improved solution to these issues, we propose a new ARQ protocol based on NC for MMRNs. In this new protocol, the relay detects packets, combines information through NC, and transmits the lost packets from different sources to the destinations. Additionally, to achieve an optimal performance, multi-user detection (MUD) techniques [14] are implemented 3 at both the relay and destinations. Thus along with MUD, lost packets can be combined and retransmitted to achieve an improved ARQ mechanism.
The representation of lost packets in MMRNs may be categorised into two classification types: Type-I -packets that are successfully received at the relay but lost at the destinations, and, Type-II -packets that are lost at both the relay and destinations. Retransmission of Type-II packets is undertaken by the source, but the issue of how the relay retransmits Type-I packets with the lowest number of retransmissions requires to be addressed. To solve this retransmission problem, we propose a relay algorithm and also a source algorithm to enable retransmission of Type-I and Type-II packets, respectively. As an example of the protocol implementation, a two source, relay, two destination configuration is considered. Specifically, for this scenario, the proposed algorithm employed for retransmission at the relay is based on a combination of NC and packet detection from the two different sources. The DT protocol refers to the model in which multiple sources simultaneously transmit information to the destinations without using the relaying technique [15] . 2 The RT protocol refers to the model in which the relay participates in the transmission but NC is not employed at the relay [4, 15] .
the other two protocols. The paper also extends the analytical performance analysis to include channel fading for the situations when the sources and destinations are located near to, or distant, from the relay. In these scenarios, it is approximated that the links from the sources to the relay, or the links from the relay to the destinations are line-of-sight (LOS) transmissions and Section 5 concludes the paper.
MMRN System Model and Transmission Protocols
Consider the MMRN displayed in Fig. 1 where data multicast from two sources S 1 and S 2 to two destinations D 1 and D 2 is assisted by one relay R. Increasing the number of sources and destinations to the model is straightforward. The sources are able to send data packets which must be received without error after a number of transmissions and retransmissions. Basic ARQ technique is considered, where the sender simply waits for a positive or negative acknowledgement message from the receiver for every data transmission then retransmits the lost or erroneous packets. It is also assumed that
is characterized by either Rayleigh or Rician flat fading with a channel gain of h AB . Here, the statistics for h AB can be represented by the probability density function of channel fading amplitude α AB as [16] 
where ν AB is mean-square value of α AB , K AB is the Rician fading parameter and I 0 (·) is the zeroth-order modified Bessel function of the first kind.
R receives data packets from S 1 and S 2 in addition to feedback from D 1
and D 2 , thus R has knowledge of the destinations still waiting for retransmission of lost packets. R then decides how to combine and forward the data to the intended destinations. The purpose of any retransmission protocol is to facilitate R in resending the lost packets to D 1 and D 2 .
The three retransmission protocols considered in this paper will now be described.
DT Protocol
In the DT protocol, S 1 and S 2 transmit data directly to D 1 and D 2 . The transmission employs ARQ and is completed when both D 1 and D 2 receive correctly the data packets from both S 1 and S 2 .
RT Protocol
The RT protocol differs from the DT protocol because R now participates 
NC-based Protocol
Rather than resending the lost packet when D j (j = 1, 2) fails to receive it, the retransmission in our proposed NC-based ARQ protocol will retransmit after N received packets. A buffer length of N packets is necessary at S i In total, the proposed NC-based ARQ scheme requires only 9 retransmissions, compared to 18 when deploying the RT scheme. R, S 1 , and S 2 will retransmit these 9 packets until all are successfully received at both D 1 and
The lost packets at D j (j = 1, 2) may be recovered through the standard method of XORing the correctly received packets located at D j with the XORed packets received from either R or S i .
Transmission Bandwidth Analysis
In this section, the transmission bandwidths 4 of the three protocols discussed above are derived for the scenarios of mixed Rayleigh and Rician flat fading channels for the MMRNs as described in Fig. 1 .
When a channel is affected by fading, the signal y AB received at any node B when transmitted from any node A, where
, can be expressed through
where Γ AB describes the long-term fading (i.e., path loss and shadowing)
within the transmission link A → B, h AB is the fading channel, x AB is the binary phase shift keying (BPSK) modulated signal of the transmitted packet 5 , and n AB is the channel noise. This noise can be considered as an 4 Transmission bandwidth is defined as the average number of transmissions to successfully transmit two packets from two sources to two destinations. 5 Uncoded BPSK is considered in this paper for simple analysis. The proposed scheme is applicable for any coded modulation schemes.
Algorithm 1 Combination algorithm at R to retransmit Type-I packets 1: Let G 1 and G 2 denote the ordered sets of correctly received packets at R transmitted from S 1 and S 2 , respectively:
Define Ω = G 1 ∪ G 2 and divide Ω into 3 groups as follows:
• Group Ω 1 includes packets that R receives successfully from both S 1 and S 2 .
• Group Ω 2 includes packets that R receives successfully from S 1 but fails to receive from S 2 .
• Group Ω 3 includes packets that R receives successfully from S 2 but fails to receive from S 1 . 
where γ AB is the average signal-to-noise ratio (SNR) defined through γ AB = Γ AB /N 0 .
For the case of Rician fading channels with Rician fading parameter K AB , the BEP of the transmission through link A → B is expressed through [16] 
Thus, for any specified SNR, the packet loss of the transmission link A → B can be calculated by
where N b is the number of bits in a packet and P b (E AB ) is denoted either by Eq. (4) or (5) depending on the fading channel model adopted.
The transmission bandwidths will now be evaluated for each of the three protocols.
DT Protocol
When R is omitted from the network, and NC not considered, the DT protocol transmission bandwidth, n DT , may be expressed by
where n
DT (i = 1, 2) denotes the transmission bandwidth required for S i to send a packet to both D 1 and D 2 , and is easily evaluated as
RT Protocol
Including R in the network and still omitting NC, transmission bandwidth for successfully transmitting two packets from S 1 and S 2 to D i (i = 1, 2) 13 is given by
where n RD i and n
denote the transmission bandwidths of a packet from R to D i and from S i to D j with the assistance of R, respectively. Thus, n RD i and n
may be computed respectively through
The transmission bandwidth of the RT protocol is therefore given by
Proposed NC Based Protocol
In the proposed NC-based protocol, R combines lost packets from the two different packet flows. Since a total of 2N packets are transmitted from S 1 and S 2 , the transmission bandwidth n N C is expressed as
where n (i) (i = 1, 2, 3) denotes the transmission bandwidth in the i-th step of the proposed protocol. These steps include the following:
• Step 1. Both S 1 and S 2 transmit N packets.
• Step 2. R retransmits Type-I packets.
• Step 3. S 1 and/or S 2 retransmit Type-II packets.
It is obvious that n (1) = 2N . Following the proposed Algorithms 1 and 2 for the retransmissions at R and S i (i = 1, 2), n (2) and n (3) can be computed by Here, K, L, and M denote three random variables used to represent the numbers of packets that R successfully receives in groups Ω 1 , Ω 2 , and Ω 3 , respectively.
Given that K = k packets are received successfully at R in Ω 1 , the average number of transmissions at R based on the proposed algorithm (i.e., Algorithm 1) in the second step can be computed through
DT is the transmission bandwidth required at R to send a packet to both D 1 and D 2 , and n RDa is given by (10) with a = 1 if i + j > u + v, and a = 2 otherwise. Here, n (R) DT can be similarly obtained as (8) , i.e.,
For packets in groups Ω 2 and Ω 3 within the second step of the retransmission at R, the average number of transmissions may be calculated by
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where a = 1 if i > j, and a = 2 otherwise.
In the third step where R fails to receive packets of the first group in the first step, S 1 and S 2 are required to retransmit the remaining lost packets with the average number of transmissions given by
where a = 1 if i + j > u + v, and a = 2 otherwise. For the second group and the third group in the third step, the average numbers of transmissions are computed, respectively, through
RT +|i−j|n
where a = 1 if i > j, and a = 2 otherwise. In Eqs. (21) and (22), n
RT , (i = 1, 2) denotes the average number of transmissions to transmit packets from S i to both D 1 and D 2 through R that can be computed by
Numerical and Simulation Results
In this section, the transmission bandwidths of the different protocols are Transmission bandwidth The range of γ S 1 R was selected to cover 0 to 20 dB in order to characterize the performance over a wide range of SNR conditions. Fig. 3 shows the transmission bandwidth of the three ARQ protocols as a function of γ S 1 R , i.e., the SNR of the wireless link S 1 → R.
In order to evaluate the influence on the transmission bandwidth performance of the channels between the sources and relay, we initially as-
The other channel SNRs may be arbitrarily set to
dB. It is also assumed that the packet size (i.e., N b ) is 10 bits and the buffer length at the sources (i.e., N ) is 10 packets. 
Scenario (c):
S i → R (i = 1, 2) is NLOS and R → D i (i = 1, 2) is LOS
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proposed scheme has a much increased performance over the other protocols.
As the SNR increases, the improvement in the new protocol is still evident, though as expected, the improvement is smaller due to the improved SNR.
In summary, the analytical and simulation results of transmission bandwidth in all Figs. above are shown to be consistent. This means that the transmission bandwidth of various ARQ protocols for MMRN over various fading channels can be evaluated using the derived expressions rather than simulation.
Conclusions
In this paper, a new improved and reliable retransmission scheme for mul- 
